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Investigation of tr 111duction of fJNA double-stra· d breaks by methyleneJiphenyl-

4,4'-diisocyanatf\ (MDI) in cultured human iL:ng epithelial cells Vock. f::..H .. 

Varnvakes, S., Gahlmann, R. I Lutz, W.K. (1958). Trxico/ogical Sciences .... 

The question was addressed witether methyiP.nediphenyl-4,4'-dii socyan~ te 

(M Dl) , a bifunction&l electrophile, ca'l induce DI-JA double-stn=tnd breaks ( DSB j l:;y 

interstrand DNA crosslink fc;rmatio;1 or whether DSB are the resuli of cell death. 

Cultured human lung epithelial ce lls (A549) Ner; treated with MDI I methylene-4 '· 

dia:-~ilinc (MDA; a potential hydrolysis product of MDI), the nitrogen mustard 

melphalan and the detergent Triton X-1 00. All chemicals were dissolved in ethylene 

glycol dimetl1yl ether which wc.s added to a ceil monolayer covered with phosphate

buffered saline. After 2 hours, the treatment solution was exchanged against 

3 

medium, and 8, 24 and 72 .1 after treatment i'1 itiation, the induction of DNA double

strand breaks was assessed by pulsed-field gel electroph:3r8sis. At the same t: mel 

t11e viability was determined 'Nith the MTI test (intracellular reJuction of the 

tetrazolium dye MTT). At the 8-hour time point, I and 10 f.ltvl melphalan induced DSB 

without concomitant effect on cell viability. With all ot.,er chemtcals, the dose 

response curv• s for DNA fragmentation and viability were m11 ror images. 

Approximate 50% lethal concentrat ions were 200, 30001 and 100 f.lM for MDI, MDA, 

and rnton X-1 00, respectively For these chemrcals, the observed DS'3 were the 

consequence of extragenomic darnage in the course of cell death rather than of an 

interaction with DNA. The mechanistic difference to melphalan 1Nas supported by the 

analysis of nuclear morphology. Apoptotic bodies were observed only after 

melphalan treatment whereas MOl and Triton X-1 00 on ly produced irregular 

clumping of chromattn Ct ?-hour time point) DNA fragrnent length analysis showed a 

time-indepe:1dent pattern with sizes between 1 and 4 Mup for melphalan, while MDI, 

and Triton X-1 00 induced smaller DNA fragments in a t1me dependent manner. It is 

concluded that DSB observed in ce lls treated wrih MJI are unli i<Aiy to be tho result of 

DNA crossiin l< formation. 
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Introduction 

Methylen8diphenyl-4,4' di1socyanate (MDI) is a bnunctional monom8r w1dely 

used in the polyurethane production. Rats exposed by inhalation to an aerosol of 

t~chnica! Mul (6 hours p~r day, 5 days rer week, for 24 months) developed 

adPnomas (8/1 19) and ~ne adenoc~rcinoma ( 1/119) in the lung at tt.E: nighest dose 

level (6 mg;m3) (neuzel eta! .. 1994). For a risk ::tssessment nt low dose, it is 

ir.1portsnt to 1nvestiga'e whether the observed changes were due to a gen~to:<ic 

mechanism, e.g. from coval81 lt bind!ng to DNA, or to a non-genotoxic mude:: of action, 

e.y., by cytotcxicity and regenerative processes. 

ON.A.-adduct formation oy MDI had been shown with 32P-pos~ labeli ng 1n the 

e~idermis of topically treated ratr.i (Vock eta/., 1995). However, no suc.h DNA 

adducts were detectable m the lung of rats exposed to & pure MDI aerosol fo1 1 year 

(Vock et 3{ , 1896). As a bif~.,; n ctional e!ectrophiie. MDI has the potential to fo rm uNA

DNA ..::ros.;li --:ks which could result in DNA double-s~rand breaks (DSB) upon repai r. 

ThP 3!2P-postlabeling assay would not have detected this type of r 'JA damage. 

MDI has beer. reported to induce chromosome aberrations ir• cu ltures of 

l1uman lymphocytes (Mak1-Paakkanen and Norppa. 1987) and in Chinese r .~.mster 

fib1oblasts (lshidate, 1988). !n add1tion. detection of dcJble-strand breaks in DNA 

isolated from white blood cells of a worker after inhalation expcsure to MDI ttad been 

:-e!-)orted (Marczynski eta/., 1992). I ~owever . the methods used in the latter study

polyacrylamide gel electrophort:.sis and anior exchange chromatography- an; not 

sufficiently validated for the mechanistic interpretation of DNA double-strand break 

for!llation _ 

DSB mav be fanned by two pathways, (i) in the cou1 se of repair of inters!rar :l 

DNA-DNA ~rosslinl<s or (ii) indirectly, in tlte r::ourse of cell death, by ll1o action of 

nucleases. By cor11panng the dose reaponse curves for cell viJ.bility nnd for the 

formation of double stranded DNA fragments these two pathogenetic modes of DSB 

formation can be discrim,nate<i Genotox1c cnemicals are expe : ted to induce DSB 
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witr· concentrations that do not induce cell death (Fig. 1, leit). In contrast, the curve 

for DSB induced pnmarily via nongenotoxic mechanisms is expected to be a mi rror 

image of ti-Je viability curve (Fig. 1, right). 

5 

In the present study, pu:seo-field gel P.lec;trophoresis (PFJE) was used to 

investigate the dose- and time dependence of the formatk>n of 0~ in cultured 

human lung epithelial cells (A549) treated with MDI. For comparison, the aromatic 

amine rnethylene-4,4'-dianiline (MDA; the product obtained by hydrolysis and 

decarboxylation of bnth isocyanate groups of MDI), the bifunctional nitroger, 'l1ustard 

melphalan (Osborne and Lawley, 1993; Osbome eta!., 1995); and the detergent 

Triton X-1 00 were used. 
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Materials and methods 

Materia ls 

Cells: A549, a huma'1 epithelial hke lung carci:1oma cell hne, was purchased 

from the American Type Cultu'"e Cullection (ATCC), Rockvil le, Maryland, US/\. 

6 

Chemicals: Methylenediphenyl-4,4'-dtisocyanate (Lupranat MR) was provided 

by BASF AG, Ludwigshafen, Gern1any. iv1etllylenediqniline (MDA), melphalan, Triton 

X-1 00, T rypsin-EDTA, (3-[4-dimethyltll iaz.ol-2-yl]-2,5-diphenyltetraz01ium bromide 

\MIT), Hoechst bisbenzimide No. 33258, tric3prylin, corn o!l a-;d 1,2-

<..limethoxyethane (=ethylene glycol dir 1ethyl eth8r rGOMC:) were purchased from 

SigmA-Aidric1-Fiuka, Deisenhofen, Germany. (Methyi-3HJthymidine ([3H]Tho; 40 -

60 Ci/mmol) was from ICN Biomedicals GmbH, Meckenheim, Germany. Cell culture 

flasks wert" from Greiner Labn11echnik, Frickenhausen, Germany and microtiter 

plates from Nur.c GmbH, Wiesbajen-Biebrich, Germany. The culture medium 

HamF·t2K and the foetal calf serum we , supplied by !...ife Technologies, Eggenstein, 

Germany. Low me!ting point agarose and Gigaphore agar0se were purchased from 

eurobio, Raunheim, Germany. 

Cell culture and radiolabeling 

A549 cel ls were grown as monolayer cultures at 37°C in humidified 5 % C02 

atmosphere using HamF12K m&dium supplemented with 10 %foetal calf serum. For 

the PFGE experiments, approximately 400'000 cells frum exponentially grown 

cuitures were seedE-d in cultL:re flasks (75 cm2). Cells were labeled wi th 16.6 {Bq/ml 

(0.45 j.tCi/ml) [3H]Thd for 48 h, then washed with phosphate-buffered saline (PBS). 

1reatments 

MDI was liquefied at 60"C and a 1 M solution was freshly P'·~ 1"ared in dry 

ethylene glycol dimethyt ,' tiler (EGDME: distilled over sooium and kept under 
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ni trogen), to minimize hydrolysis. Melphalan was dissolvGd in ethnnol contaminq 

0.4 %concentrated HCI (37% w/v) and dilutod 1 :a vvith EGDME. Stock S')lt.Lons of 

MDA (1 fvl) and of Triton X-1 00 (5 %) were prepared in EDGME. After appropriate 

dilution, 400 !ll of the scluiions of the test chemicals wera added to 9.6 111! PBS :n the 

culture rlasks held vertically, then w1thin seconds the flask was laid honzontally and 

the liquid distributed over the cell monolayers. Control ceils receivE:~d the salven~ only. 

After 2 hours, the PBS was replaced with complete medium and the cells were 

harv·asted afte:- 8, 24 or 72 hours after treatmer.t initiation. All experiments wore 

rep,aated three times. 

Pulsedwfield gel electrophoresis (PFGE) 

PFGE was carried out according to standard procedures described in the 

literature (B!ocher et al., 1989; Cedervall eta!., 1995) with some modifications. The 

incubation flasks were placad en ice prior to harvest. Cells were detached with a 

rubber policeman. resuspended and collected 1n 15 ml tubes. After centrifugation, the 

ce:i pellet was washed once with ice-cold PBS/CMF (PBS/calcium-magnesium free). 

The cell number was determined by counting an aliquot of the cell suspension in a 

Coulter counter. The remaining cells were collected by centrifugation and mixed with 

1 % low-melting-;Joint (LMP) agarose in ?BS at a concentration of 4 x 1 os cells per 

mi. The mixture was Immediately embedded into plug-former molds and c~illed on 

ice for at least 30 minutes. The plugs were extruded, added to 2.5 ml lysis buffer 

(2% N-lauryl-sarcosine, 0.5 M EDTA, 0.5 mg/ml proteinase K, pH 8) and incubated 

overnight at 50°C. Following lysis, the plugs were nnsed three times wilh 5 rnl 

1 0 mM Tris, 1 mM EDTA, pH 8 butter (TE) aild stored in the TE buffer at 4°C. 

Agarose gels (0.8 %) were prepared in 40 111M Tris buffer (pH 8) contatning 

40 rnM acetate and 1 : :v-1 EDTA (TAE buffer). Ph.!gs were inserted tnto the wells 

using a hooked Pasteur pipette and sealed with 1 % LMP agarose. Cl1rornosornal 

markers fromSchizosaccharomyces pomJe (S.pombe: 3.5, 4.68 and 5.7 Mbp) and 

Saccharomyces cerevisiae (S.cerevisiae: 0.::?4 up to 2.2 Mbp) were included in the 
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ana.lysis. PFGE was performed using a BioRad CHEF-DR Ill system with block 1: 

4.5 V/cm, a ramping of 3 to 5 seconds for~ h with an angle of reorientation of 96°; 

followed !Jy block 2: 2 V/cm with a constant pulse tiflle of 1200 seconds for 24 h at 

96° , block 3· 2 V/c.n, 1500 ser nds, 24 11. 1 00°; block 4: 2 Vtcm, 1800 secor.cs. 

8 

24 h, 106°. TAE buffer was c rculated and cooled to 14°C throughout the 

electrophoresis. The agarose gels were stained fo r 3() minutes with 0.5 1.1.g elhicjium 

bromide/mi water, destained once in disti lled water for 30 minutes and photographeJ 

using a LJV transilluminator cor liquid scintillation counting the gellanas werf cut into 

5 mm segments and placed in miniature glass vials. each segment was dissolved in 

0.25 ml 1 M HCI at 95°C, neutralised wrth 1 M NaOH, mixed with 7 m! Ultima Gold® 

(Packard) sci ntillation liqu.d and counted three times for 10 minutes in a TRI-CARB® 

2250 CA liquid scintillation r.ounter (Packard). Net dpm was determined by 

subtracting the cpm background values found 1n the lane of unlabeled cells and 

converted to dpm using the counting-efiictGncy. 

OSB assessment: The fraction of DNA (activity) released (FAR) was 

calculated as follows: 

FAR= dpm in the lane I (dpm in the lane + dpm 1n the ;.> lug) (Eq 1} 

Molecular size anaiysis. lhe daca from the treated cel ls were corrected for 

background. i.e. the DNA in the lane obtained from the plugs vtith untreated cells. 

This correction assumes tr.at in all treated samples an identical etdditional amount of 

DNA is released into the iane by the same degradative prr.Jcesses that released the 

DNA from control cells into the lane. Furthermore, the correction assumes tllat the 

migration of the additional DNA 1n the lanes of the treated cells will be the same as 

th :;.,~ observed for the contro ls. 

The percentage of the total DNA (dpm) in a g1ven seament after correcting for 

background (fcorr) is calculated by tile following equatron (Cedervall eta!., 1995): 
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dpmt.si dpm,... ~ 1• v , ..> 

dpfl"'t.r \ 

dpm1,p + dpmt, 1 \ 

dpmc p ) 

dpmc,p + dpmc,l 

\Eq. 2) 
dpm1,p + dpmt. ! dpmc,p + dpn·c.l 

dpmt,si and dprnc,si is the radioactivity in a g1ver segn1ent 1 from ed and control 

cells, respectively, whereds dpmt,p and dpmc.p stands for the radioact!vity m the plug 

and dpmt,l and dpmc,l in the lane from trea,ed and control cells, respectively. 

Tile calibration curv·e for molecular size as a function of mi~ration distance 

was determined in thu same gel with S.pombe and S. cerevisiae :,'8ast stanaards. 

This curve was used to convert migration distance into molecular size, expr-essed in 

Mbp. 

Cell sun.-ival assessed by tfie M?T test 

One thousand cells per ·we I were seeded in a 1 C'i J..tl volume into 96-well 

plat53. Aft9r incubation at 37°C, 5% C02 for 3 days , c.ells we t ~ ·:, 1.shed With PBS 

and treated in triplicate by addin~ 4 J.LI of the solutions of the tes1 compounds to 96 J..tl 

PBS. After 2 hours, the PBS was rP.placed by medium and the test terminated atter 8, 

24 or 72 hours from beginning of treatment PP.ripherai wells of each plate lacking 

cells were utilised for medium/tettazolium rt::aqent blank (n = 8) "background" (BG) 

determination and untreated cells \N= 16) ~~i"'led dS internal control. A 5 mg M-. Ttrnl 

PBS stock solution was prepared, steri le filtered with a 0.2 J.llll polyamid t:lter 

(Schleicher & Schue II) and stored at 4°C for a maximum of I month. After the 

appropriate exposure time, the medium was removed and 100 ~LI me'iium contammg 

0.2 mg MTT/ml was added to each well, tile culture plates were wr dpped in 

aluminium foil and the cells i11cubated at 37"C for at least 4 hours (8orenfre ,md et ai., 

1988). The medium was removed and replaced with 150 111 OMSO and 2G ~tl glycinP. 

butter (0.1 M glycine, 0.'1 M NaCI, adjusted to pH 10.5 w1th 1 M NaOH). The 
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absorbance (A) was recorded immediately at 570 nm using a MRX ELISA reader 

from Dynt=itech Laboratories. Results are 111ean5 ~rom 9 determinations obtained in 

U1ree independent experiments. Cell suNival was calculatea as fot!ows: 

Survival [ %] = (Atreated - A so) ·1 00 I (A solvent control - AsG \ (Eq. 3) 

For . mpar:son the LC50 values of the test chemicals, i . ihe co11centratton 

inducing a 50 % rqduction of cell viability vvere e~timated. 

Assessment of cell nucleus morphology 

10 

1 0'000 ce lls were seeded in 0.5 ml per well in 24 plates rGnt8ining tissue 

culture cover slips, incubated for 2 days and treated with test c ~rr:icals 

concomitantly with the DSB assay. At the end of the treatrr.ent period , the cells were 

washed twice with PBS/CMF, fixed with ice-cold methanol e.nd stored at -2ouc. The 

fixed ~ells were stained with Hoechst bisbenzimtde 33258 (5!-Lg/ml PBStCMF) for 

2 minutes, washed twice with PBS/CMF and the covemlips placed invertedly on a 

slide. Nuclei were visualised with a fluorescence microsu ;Je. I ,optosis was definud 

by shat ~ly c.t rcumscribed chromatin laid against the nuclear et, .,elope and membra:--.e 

blebs; necrosis was characterized by tne irregular clumping of chromatin (Kerr et Clf. . 

1995). 
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Resu lts 

Assay development 

The present study in CL..tured A549 humaT"J lung epithelial cells aimed ar 

discriminating between genorox:c and cytotoxic mechanisms of DSB induc·~;on by 

methylenediphenyl-4,4'-diisocvanate (MDI). Because of th1 strong electrophil•c 

reactivity of the isocyanate groups, the F:rst methodical task was to minimize 

hydrolysis and ot11er reactio11s of MDI with nucleophiles before it reaches the ce Is. 

DMSO could not be used as solvent tor MDI, because it had been reported to 

accelerate hydroly ,;is (8:-own eta/., 1987; Gahlmar.n eta/., 19931. Tncaprylm anci 

corn oi l were too toxic to the cells. The Jest results werld achieved with ethylene 

glycol d1methyl ether (EGDMF.) as solvent and addition of rhe soL;tions to PSS (not 

medium) in order to avo1d all u:1necessary nucleophiles able to react ·.vi th the 

tsocyanate groups. After an incub~lion period of 2 hours, PBS w3.s 1eplaced by 

medium and an expression penod of 6, 22, and 70 hours was allowed. Under these 

conditions, the vtability was 70% ;.15 comrared to untreaie':l cells. most probably due 

to locally high concentrations of EDGME:: witf1in the first seconds of m1x1ng. 

Correi:Jtion between DNA fragn.entation and cell survival 

ThA concentraticn of MOI1equired to reduce v1ability to 5G ' of control (LC50 ) 

v.as about 200 ~tM at all t1me pornts mvesti~:ated. At the 8-hoUI tune pornt, DSB were 

induced only at~ 100 11M and the FAR values increased with lime (30, 60, and "/0% 

after n. 24, and 72 hours, respective:y). The dose-response curJes for viability n.1d 

FAR values slro·Ned a rni: ro. rmage (fig. 2), i.e., DNA double strand b1 eak forn ation 

was observed onl~ 11 r.onPection with a reduction in cell viabi lity. At 300 ~LM lvlDI and 

above, hydrolysis of the test chemico.l and formation of polyuroa particles intc;rfered 

with the assay. 

The contributio'l o ,v1DA, a potential hydrolysis product of MDI, to 1he els 2cts 

seen with MDI was not subst2 rJtinl. since the LCso value of MOA r 1ged around 2-
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3 mNl, i.e. was ,r~ore th3n 1 0-fold hig:1er than MDI (Fig. 3}. As with MDI , DSB 

induction was seen only at cytoto;.;1c concentrations. These data Ci=ln only be used as 

controls for the effects of MDI but do not provide full infor·mation on o. putative 

crosslinking potential of MDA because the latter requires metabolic activation for the 

formation of reactive intermediates. 

The bifunctiona! nitrooen mustard melphalan showed a clear dose-dependent 

increase of the FAR values in the absence of any impairment or cell via.Jility, 8 hours 

after treatment initation (Fig. 4). Toxicity increased in a time-dependent manner with 

estm:ated LC50 values at 500, 100, and 5 )J.M, at 8, 24 and 72 hours, respectively. 

Melphalan at 10 11M induced Df~A double strand breaks with a FAR of 90% after 

8 hours which remained at this level after 24 hours but decreased to 70% after 

72 hours. Melphalan at 1 )J.M showed a decrease of the F .. ~R from 50% after 8 hours 

to 30 an c.! 10% after 24 and 72 hours. respectively, without reduction of cell viability 

below 80 %. HencE: the majority of the OSB initially induced by 1 p.M melphalan were 

rejoined in the period between 8 and 72 hours. 

T:le deteruent Triton X-1 00 (Fig. 5) showed the a picture similar to thE one 

seen with MDA or MDI. The LC50 value (at about 100 ~tM) remaired unchanged over 

t:me. The dose-response cu1ves for viability and DNA fragmentation were mi rror 

images. 

Fragment size distribution 

Fio. 6 shows the molecular size distribution of the DNA fragments p1 oduced by 

MDI, Triton X-1 00 and melphalan after 8, 24, and 72 hours. Two distinct distribution 

patterns can be observed. MDI a.ld t11e detergem Trito n X-1 00 induced DNA 

fragments of a size of 2-3 Mbp after 8 hours (triangles). Later, the fragments became 

smaller (s;i Mbp). The time-dependent decrease in rragment length cou ld be 

<..xplained by an ir :direct, enzymatic process. In contrast, most DNA frag ments 

induced by melphalan were larger than 1 Mbp at all times and the size distribution 

was dependent on concentration more than on time. 
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Celf nuclaus morphology 

Apoptotic bodies were observed 72 hours after treatment with 10 !J.M 

melphalan. Treatment of the cells with 30 to 100 !J.M MDI or Triton X-1 00 only 

resulted in irregular clumping of chromatin. Hence, cell death induced by i\1101 

appeared to be a ·necrotic rather than an apoptotic event. 

13 
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Discussion 

The investigation of the effects of isocyanates o:- cells is re'ldered difficult 

experimentally becnust?. of the strong reactivity of the funct;or,J.t gro~..:ps. D ~:'lSO which 

is frequently used as solvent in bacterial (.A.nderse:-1 eta!., 1980; Shimuzu eta!., 

1985) and mammalian cell test syste111s (Maki-P:.:lakkanen and Norppa, 1987: 

lshidate, 1988) even accelf)rates hydrolysis of MDI. lr; order to diminish loss of 

reactive isocyanate groups before the molecule reaches the cells, DMSO was 

replaced by EGO ME, and PBS was used instead of medium to avoid constituen a 

carbohydrates and proteins which could also react with the isocyanate group. C.ven 

unde. these conditions probably only a fraction of the MDI dissolved in EGO ME 

reached the cel ls intact. In addition, EGDME alone was also slightly toxic to the cells 

(30% reduction in viabi lity) . Furthermore, tl1e a .... sence of nutrie nts and growth factors 

during the 2-hour exposure to the test c:1emical in EGDME/PBS appeared to affect 

some cellular functions, including those involved in the reouction of the MTT dye 

used to test for cell viability. An enzyme activation would be the most simple 

explanation .or viab i li~i es above 100 %, seen particularly at the 8-hour time point. 

Despite all this, triplicate determinations produced reproducible results for all 

endpoints su that the dose response of the effects of the test chemicals could well be 

investigated. 

Viability, DNA double-strand breal< formation, and cell nucleus morphology 

were investigated at three different time points. At the 8-hour point, processes such 

as the uptal<e of the test chemicals by the cells, the reaction witt1 target molecules, 

the formation of DSB as a consequence of the repair ot DNA-DNA crosslinks, and 

the first stages of the process ce ll death are included. Enzyme induction a:1d repair of 

DSB might come into play only at later time points, especially atter the cells have 

passed through t:'e cell cycle (about 48 l1ours for the A549 cells) . Therefore, tl1e 

investigation of the time dependence provided some information of the di fferent 

processes involved. The 8-hour data allowed the clearest dis1 inction whether the 
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compound teste J induced strand breaks by a genotox!c or cyiotox1c rnode of action. 

The nitrogen mustard melphalan induced CSB by a genotoxic mechanism based on 

the fact that the FAR values mcreased up to I 00% without reduction in cell viability. 

In contrast, exposure to rhe deterge:-~t Triton X-1 00, fvlOI c:nd MDA resulted in DSB 

formation only together with a reduction in cell suNival. Al l three cytotoxic 

compounjs had in commor1 tnat the sh&pe of the dose-response curves for viability 

did not change significantly between 8 and 72 hours whereas alter treatment with the 

genotoxic melpl1alan tha viability decreased in a time-dependent man .. :::r indiDating 

that DSB also contributed to cell death. 

Various mechanisms modulate the formation of DSB, e.g., the type of DNA 

damage, the DNA-repair capacity and whether programmed cell death or necrosis 

was induced (Vamvakas eta/., 1997). Therefore, at the 72 hour time point, the 

response to exogenous damage may show a larger variability than after 8 hours. For 

example, JSB ir~reased between 8 and 24 h but decreased at 72 11 for cells treated 

with Triton X-100, whoreas no decrease was seen after exposure to MDI. At 30 !1M 

MDI, the increase of the FAri value at 72 hours was significant, while the reduction in 

viability wa.:. 10t. The late process of DNA fragmentation could also be considerGd a 

consequence of ce ll death since it has been shown that lethally damaged cells can 

show normal metabolic activities for several days (Sorenson eta!., 1990). The 

fragment length data provided at)ditional information and might also explain some of 

the above-mentioned time-dependent observations. For instance, an apparent 

decrease in DSB at 72 hours could be the result of such an extensive DNA 

degradation that small fragments moved out of the gel during electrophoresis. 

The fragment length distribution corroborated the classification of MDI and 

Triton X-1 00 as cytotoxic as opposed to the genotoxic melphalan. 

The arom3tic di-amine MDA is fom1ed by spontaneous hydrolysis &nd 

decarboxylation of both isocyanate groups of MDI, particularly under dilute 

conditions. (At higher concentrations of MDI, free amino groups react readily witl1 

remaining isocyanate groups, forming urea oligomers and polymers.) In order to 
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control whether an effect 0bserved with MDI mi9,ht have been due to the formation of 

MDA, this compound was included in our batte1y of test chemicals. l'l view cf the 

finding that MDA was much less toxic than MDI and did r.ot induce DSB by the 

genotoxic pathway, it can be concluded that the effects otserved v1ith MDI are the 

result of the isocyanate groups rather than of the amino groups. Whether MDA has a 

crossltnking potential on its own cannot be deduced from Lhe present e~-:periments 

because metabolic activation is required for the formation of the DNA-reactive 

intermediates. Wbile some metabolic capacity of the A549 cell£ has been shown 

([Wiebe! and Singh, 1980), this activity would probably not reflect the si tuation in vivo. 

Data on DNA adduct formation of MDI (Vock and Lutz, 1997) and MDA (Schutze et 

a/, I 996) in rat liver are avai lable and indicdte low potency only. Furthermore, the 

respective binding levels included mono-adducts which are expected to be much 

more frequent th<;n crosslinks. 

In conclusion, the data give no evid8nce that MDI induces DSB uy a genotoxic 

mechanism based on its theoretical DNA-DNA ~ross l inking abi lity. It induced cell 

death by way of necrosis and not apoptosis. In rats, MDI induced tumors only 

concomitantly with histopathological signs of toxicity but in the absence of derectable 

DNA adducts in the target organ (Vock eta/., 1996). The a'.'ai lable evidence indicates 

H1at tumor induction by MDI relies more on '=~"'igenet ic modes of action resJiting from 

cytotoxicity than on genotoxicity resulting form reactivity with DNA. 
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Legends to Figures 

Fig. 1: S~hematic dose-response curves for the reduction of cell surv1val (-) and 

the induction of DNA double-strand breaks(---) as expected utter treatment 

with a genotoxic (left) o:- cytotoxic (right) agent. -·--symmetry axis. 

Fig. 2. Dose-dependent induction of DNA double-strand breaks (---) and reduction of 

cell survival (-)analysed at different times after addition of 

methylenediphenyl-4.4'-diisocyanate (MDI) to mono layers of A549 cell:. 

Results are means J: SO of 3 independent e~(periments. 

Fig. 3. Dose-<iependent induction of DNA double-strand breaks(---) and reduction of 

ce ll su1viv3.l (- ) anc:~ysed at different times after addition of methylene-4,4'

dianiline (MDA) to monolayers of A549 cells. Results are means± SO of 3 

independer.t experiments. 

Fig. 4. Dose-dependent induction of DNA double-strand breaks(---) anci reduction of 

cell survival (-)analysed at different times after addition of the nitrogen 

mustard melphalan to monolayers of A549 cells. Results are means ± SO of 

3 independent expenments. 

Fig. 5. Dose-dependent induction of ON"' double-strand breaks(---) and reduction of 

cell survival(-) an"''11sed at differ:nt time points after addition of the 

detergent Triton x-·, to monolayers of A549 cells. Results are means± SO 

of 3 independent experiments. 

Fig. 6. Molecular size distribution of DNA fragments induced by treatment of A549 

cells for 2/8 hours (triangle), 2/24 hours (circle), and 2/72 hours (square), 

with 100 IJ.M MDI, 80 J..LM Tnton X-1 00, 1 and 10 J..LM melphalan. 
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